How to improve the velocity tracking accuracy is a core and difficult problem in autonomous driving, especially while some core parameters of the controlled vehicle cannot be measured or obtained accurately enough. Without employing a complex longitudinal dynamic model and some difficultly obtained engine parameters, a numerical reasonable model is established based on the off-line data of the vehicle motion. And based on this model, a feed-forward and feedback control scheme is presented and a parameter-varying controller with high robustness is designed. To verify the tracking performance, the electric vehicle model in Matlab2018b is used in the simulating process and results conclude that the new control strategy is very effective.
I. INTRODUCTION
Automatic driving technology has attracted a growing attention in the last years with better road utilization and performances of safety and comfort. Velocity tracking is the basis of the automatic driving technology with the subject to make the vehicle moving with the desired velocity. Good tracking performance of velocity and suitable operation on brake/throttle pedals impact driving safety and travel experience.
To solve the velocity tracking control problem, some approaches such as [1] and [2] have attempted to design a model-based controller. In these works, to calculate the designed controller and obtain the control input, the relationships between the braking torque and the brake pedal, and the engine torque and the throttle position are should be known. These works are rely on an accurate model and any parameters deviation could cause a loss of performance.
However, there are some core parameters of the controlled vehicle cannot be measured or obtained accurately. The tire-road interaction depends on many poorly known factors such that the tire friction forces to generate acceler-The associate editor coordinating the review of this manuscript and approving it for publication was Mehdi Bagheri . ating/braking are hardly calculating accurately. Furthermore, to model the vehicle powertrain, some core engine parameters of the controlled vehicle are needed to know [3] . However, these parameters are not easy to obtain for the autonomous driving engineer. And at last but not least, such as the effective engine torque, friction torque, etc., are also not easy to obtain [4] , [5] . Thus, the tracking performances become worse while these parameters cannot be measured or obtained accurately.
To overcome the above problem, adaptive control [3] , PID control [6] , fuzzy control [7] , sliding mode control [8] , [9] , and model predictive control [10] are usually used to achieve the velocity tracking object. However, these methods can not give a satisfy tracking result because of the assumption that the node dynamics are homogeneous and approximately linear [11] . Thus, [11] presents a new multiple-model switching control structure to overcome this problem and improve the tracking robustness. In this control structure, the large uncertainties are covered by four small uncertain models and four H ∞ controllers and a scheduling logic are designed.
Different from above results, some other researchers such as Xu, etc. in [12] presents a numerical modeling to control the velocity. Based on the speed-throttle-acceleration mapping and a first-order linear time-invariant approach, an optimal tracking controller is designed to track the desired velocity. Compared to [1] and [2] , the model of the tire-road interaction and engine parameters are not needed to know. The disadvantages in [3] and [6] - [10] are overcame and the control structure is much simpler than [11] . However, this first-order linear time-invariant approach of the vehicle dynamics which is employed to design the LQ controller is not reasonable in [12] .
In this paper, an reasonable numerical model of the vehicle is established and a parameter-varying PD type controller is designed to solve the velocity tracking problem. The vehicle model is divided into two parts: the normal model and error model. The normal model is established by using the data of the vehicle moving on horizontal ground without wind. And the error model is established while considering the actual moving condition such as the wind and the road slope angle. In our numerical model, the tire-road interaction and engine parameters are not needed to be known. Then, based on this model, a parameter-varying PD type controller is designed which has higher tracking precision and satisfies the performance of disturbance attenuation. Thus, it is easy to obtain a high velocity tracking performance for the autonomous driving engineer by using our control scheme.
The rest of this paper is organized as follows: modeling and problem formulation are introduced in Section II. Modeling the previous dynamics of diving force is shown in Section III. And the designing process of the controller is described in Section IV. The simulation results are described in Section V and the conclusion is made at last in Section VI.
II. MODELING AND PROBLEM FORMULATION
As shown in Fig.1 , the longitudinal dynamics of the autonomous vehicle by using Newton's second law is [3] :
where m is the vehicle mass, v ≥ 0 is the longitudinal velocity, F v is the sum force of the accelerating force and braking force, F a is the aerodynamic drag force, F r is the rolling resistance force, F g is the gravitational force and F ve are the other external forces which has not been considered.
If let α denote the road slope angle, then it is easy to obtain that [1] :
and the aerodynamic force can be expressed as follows:
where v wind is the environmental wind velocity, and the rolling resistance force is usually modeled by F r = k r mg.
Thus, system (1) can be renew expressed as: [4] - [11] , we know that force F v is a nonlinear function of the throttle angle and the braking pressure. The throttle angle is a function of the throttle pedal ψ t , and the braking pressure is a function of the brake pedal ψ b . Thus,
, and to a given vehicle, this relationship almost dose not change with the external environment, the load and other external factors. However, to model this relationship accurately is not easy and not all of the model parameters could be obtained by an autonomous driving engineer. This situation makes it is almost impossible to track the desired velocity precisely. To solve this problem, the new model based on the data mapping is presented and a new controller is designed in the rest of this paper.
A. NORMAL MODEL
To system (4), if F e = 0, v wind = 0 and α = 0 and define v n v under this condition, then we have sign(v + v wind ) = sign(v n ) = 1 and:
it is a normal condition model which means a vehicle moving on horizontal ground under windless conditions, i.e., there are no disturbances such as wind and road slope angle. Thus, normal model (5) can be used to establish the relationship of F v and v n , ψ t , ψ b . Let:
then C a > 0 and F vs is the generalized force which produces an accelerationv n . Assume k r is a slow varying parameter, i.e., k r ∈ [k r,min , k r,max ] andk r = 0, where 0 < k r,min < k r,max , then we have:
To any given vehicle, ψ t ψ b ≡ 0, thus we have:
Thus, let u =ψ t , ψ = ψ t while the vehicle is accelerating, and u =ψ b , ψ = ψ b while the vehicle is braking, then:
System (6) can be rewritten as follows:
B. PROBLEM FORMULATION
According to system (9), system (4) can be rewritten into:
In the above equation, the term:
is caused by the road slope angle, the velocity of the wind and other factors which are fast time-varying and difficult to be measured or observed. In system (10), F vs is only depend on v, ψ. Thus if ∂F vs ∂v and ∂F vs ∂ψ are obtained, then the dynamics of F vs is obtained. And this dynamics can be calculated by using system (9) and the data which obtained in the normal condition in advance. Hence, to an actual vehicle, the data of v, ψ,v are collected under the normal condition to establish the data mapping of ψ and v,v. And then system (9) is used to obtain the dynamics of F vs previously. At last, according to this previous dynamics, design feedback controller to attenuate the influence of external disturbances and the datamapping model error, and track the desired velocity precisely.
III. MODELING THE PREVIOUS DYNAMICS F VS
There are no fast timing-varying external disturbances while a vehicle is moving on the horizontal ground under windless conditions. Furthermore, F vs is decided by and only by v n and ψ, and small changes in v n and ψ cannot have a big influence on F vs while the vehicle is moving under the normal condition. Thus,we conclude that the Lipschitz conditions of F vs to v n and ψ are both established, i.e., to system (9), there are constants l n > 0 and l ψ > 0 such that the following inequalities are established:
Hence, there is a real number l vs ∈ (0, ∞) such that |Ḟ vs | l vs , which means that |Ḟ vs | has an upper bound l vs . Note that if there are measuring errors, thenv n can not be computed accurately. To solve this problem, define the following filtered variables equation:
then we have the following estimator of F vs :
To this estimator, the following lemma is established: Lemma 1: To system (9) , the filter (12) and estimator (13), the estimating error is defined as:
then the estimation error e fvs exponentially converges to a given set which is:
where t 0 is the initial time, e fvs (t 0 ) is the error at initial time, andh l vs + k. Furthermore, e fvs → 0 holds while k → 0 and t → 0. Proof: Taking a derivative of e fvs with respect to time along with system (9) under the filter (12) and estimator (13) gets:ė
Select Lyapunov function V = e 2 fvs /2 and calculate its derivative along (16) as following:
Furthermore, |Ḟ vs | ≤ l vs and |ψ| ≤ 1, thus |Ḟ vs − kψ| ≤ l vs + k and the following inequality is established:V
From above result, the following inequality is established:
which means e fvs ∈ E fvs . Furthermore, it easy to obtain that e fvs → 0 holds for k → 0 and t → 0. Thus, the proof of Lemma 1 is completed. According to above results, take any suitable points (v 0 , ψ 0 ) and use the following two sets of parallel lines to cover the work plane of the vehicle:
Then we have the following approximate system: 22) is used to approximate to the dynamics of F vs shown by (9), then we can calculate the approaching dynamics model of F vs and (f ij , g ij ) according to formulas (19)-(22) by using the data of v, ψ,v collected in advance under the normal condition. And from the calculated results, f ij and g ij can be decided by using the off-line data of v i , ψ j according to formulas (21) and (22), and a table of (f ij , g ij , v i , ψ j ) can be established. In the control process, values of f ij , g ij can be obtained by looking up this table according to values of v, ψ.
IV. CONTROLLER DESIGNING
As shown in Section II, the velocity tracking control is to track the desired velocity v d and desired acceleration a d . From section III and the Equations (1)-(3), the controlled system can be rewritten into:
Let the lumped disturbance defined as following:
ω (F ve + F ae )/m + F vma − F vs + g sin α then we have the following controlled system:
To this system, velocity v is measurable. And from the results of Lemma 1, we also assume the acceleration a of velocity v is measurable. Let e v − v d thenė = a − a d where v d is the desired velocity and a d is the desired acceleration. The control process is shown as Fig.2 . In this process, the controller consists of two parts which are the feed-forward part and the feedback part. Data mapping of v, a, ψ is established under the normal condition by using the off-line data, it is a table to record the mapping relations between ψ and v, a. This table expresses the nonlinear relationship between F vs and v, ψ in numeric mapping form and each point (v, a) has one and only one corresponding ψ. This mapping is used as the feed-forward part to obtain ψ d according to v d and a d . By using this mapping as feed-forward part, the nonlinear between F vs and v, u is compensated. Thus, the error equation of e can be approximately expressed as:
where e(t 0 ) = 0 and F e (t 0 ) = 0. In this equation, F e is the modeled in Section III depicted by Equation (19)-(22), f ij and g ij are decided by v d , ψ d according to the calculated table (f ij , g ij , v i , ψ j ). The feedback part is used to attenuate the influence of ω and the model error by designing the controller K .
Since only e andė are measurable, the controller is taken as following form:
such that for R > 0, the following inequality is established:
From the above inequality, the following two inequalities are both established simultaneously:
Inequality (28) means that the disturbances are attenuated under the H ∞ index γ . And the inequality (29) means that the influence of ω on the gain of u is also attenuated. Thus, if there is a controller such that the inequality (27) is established, then not only the performance of the disturbance attenuation is satisfied, the gain of the output u is also attenuated. Hence, controller (26) with inequality constraint (28) not only improves the robustness to the disturbances and ensure the tracking precision, but also improves the comfort performance of the vehicle and the travel experience.
To system (25), controller (26) and H ∞ index γ with inequality constraint (27), we have the following theorem:
Theorem 1: If there is K gd ∈ R which satisfies the following inequality:
and K p , K d , R take the following form:
(33) VOLUME 7, 2019 then the closed-loop system of (25) and (26) satisfies inequality (27) for the given H ∞ index γ . Proof: From equation (26), F e in system (25) can be rewritten into as the following:
and from equation (31) we know K gd = g ij K d . Thus, if let e f = F e − K gd e, then we have: 
Furthermore, take P = γ (f ij − K gd ), then we have:
In summary, if K gd < −(γ −1 + f 2 ij ) 1/2 and K p , K d , R are taken as (31)-(33), then there always exists P > 0 such that inequality (27) is established for any given γ > 0 while system (25) is controlled by controller (26).
Note that, we let e f = F e − K gd e, thus the equatioṅ e f =Ḟ e − K gdė is established if and only if K gd is constant. Even though K gd is taken as a constant, the controller shown by Equation (26) is still a parameter-varying controller, since this controller is decided by K gd , g ij and f ij , both g ij and f ij are varying parameters. In addition, values of v d and a d are used to decided ψ d according to the off-line mapping of v, a and ψ which is a complex nonlinear function shown in tabular form. By using this feed-forward input, the nonlinear of the longitudinal dynamics model is compensated and points (f ij , g ij ) are also decided, i.e., the controller (26) is obtained according to (31) and (32) and the feedback input ψ is decided. Thus, though the controller is designed by linear method, it is has a good control performances for the nonlinear system of the vehicle.
V. SIMULATIONS
In order to test and verify the effectiveness of our control scheme, the full electric vehicle model in the electric vehicle reference application project of Matlab is used which contains a motor-generator, battery, direct-drive transmission, and associated powertrain control algorithms and the framework of this electric vehicle model is shown by Fig.3(a) . And the simulating scheme to test and verify our velocity tracking controller is shown by Fig.3(b) .
In Fig.3(a) , a PI type controller has been used in the longitudinal driver block whose proportional and integral parameters have also been given out in Matlab 2018b which are both 1.5. And the tracking errors with varying parameters of the PI controller are shown in Fig.4 . From these results we know while P and I are both taken as 6.0, the tracking results are worse while time t > 28 s. Thus, in the following simulation, we taken P = I = 5.0.
In Fig.3(b) , the designed velocity tracking controller is used to replace the block of the longitudinal driver and the feedback signal of the block is only the measured velocity. To the designed controller (26), K gd should be constant and K gd < −(γ −1 + f 2 ij ) 1/2 should be established. Thus, we take γ = 1, K d = g −1 ij K gd and:
Two simulating conditions are considered which are the normal condition and the condition with external disturbances. The normal condition means that the controlled vehicle is moving on horizontal ground without the wind. And there are wind and the no zero slope angle of the road for the condition with disturbances.
A. MOVING UNDER THE NORMAL CONDITION
The tracking results without external disturbances are shown by figure 5, where blue line v d is the desired velocity, red line v PI is the tracking results of the PI controller while P = I = 5.0, and the magenta line v our is tracking results of our controller. The biggest tracking error is appearing while t ∈ [20, 21] and v d = 16 m/s for our controller and the PI controller, |e our | < 0.2, |e PI | ≤ 0.4 and |e our | < |e PI |.
In the low speed such as v d ∈ (0, 6]m/s and t ∈ (0, 10]s, our controller has smaller tracking error and the tracking performance is much better than PI . And in the other accelerating and braking process, these two controller has almost the same performance. However, in the braking process, there exists violent shock not only in the tracking error signal but also in the input signal of PI controller while our controller signal and tracking results are smoother. Hence, we can conclude that our controller has better performances than the PI controller in the low speed, high speed, acceleration and braking processes under the normal condition.
The control inputs are shown by Fig.6 and f ij , g ij of our controller are shown by Fig.7. In Fig.5 and Fig.6 , there are violent shock in braking process while t ∈ (25, 36]s for the tracking results and the control input of the PI controller, thus the output signal and the input gain of our controller change smoother than the PI controller which can make the controlled vehicle have higher comfortable performance. Based on the above results, we conclude that the tracking results and the comfortable performances of our controller are much better than the PI controller in the normal condition.
B. MOVING UNDER THE DISTURBED CONDITION
External disturbances are shown by Fig.8 . Extremely disturbing conditions are considered where the gain of wind is 15m/s and the gain of the road slope angle is π/10 rad. Tracking results are shown by Fig.9 , control inputs are shown by Fig.10 and f ij , g ij of our controller are shown by Fig.11 .
Comparing with Fig.5 , the tracking results shown by Fig.9 are worse especially for the PI controller. And from Fig.6 and Fig.10 , it is obviously seen that the shock of the input signals is even worse too. That is because there are external disturbances. However, both of the controllers attenuate the external disturbances. And compared to the PI controller, the tacking error is smaller and smoother while t ∈ (25, 36]s in particular. Thus, the tracking results and the comfortable performances of our controller are much better than the PI controller in the disturbance condition. As a summary of the simulation, we can conclude that our control scheme has a high robust tracking performance and travel experience.
VI. CONCLUSION
In this paper, the velocity tracking problem is studied. A numerical modeling method is established and a parametervarying PD type controller is designed. From the simulating results, the high accurately tracking performance and better comfortable performance are obtained. Furthermore, the disturbances such as wind and different road surface conditions are considered, simulating results show that our controller has smaller tracking error, higher robust performance and better comfortable performance. However, the coupling performance of the lateral dynamics are not considered in this paper. It should be studied further in the future. 
